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In addition to nucleophile and solvent, the leaving group has a significant influence on 
nucleophilic substitution (SN2) reactions. Its role is frequently discussed with respect to 
reactivity, but its influence on the reaction dynamics remains obscured. Here, we 
uncover the influence of the leaving group on the gas phase dynamics of SN2 reactions in 
a combined approach of crossed-beam imaging and dynamics simulations. We have 
studied the reaction F
-
 + CH3Cl and compared it to F
- 
+ CH3I. For the two leaving 
groups Cl and I we find very similar structures and energetics, but the dynamics show 
qualitatively different features. Simple scaling of the leaving group mass does not 
explain these differences. Instead, the relevant impact parameters for the reaction 
mechanisms are found to be crucial, which is attributed to the relative orientation of the 
approaching reactants. This effect occurs on short time scales and may also prevail 
under solution phase conditions. 
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 Bimolecular nucleophilic substitution (SN2) plays a pivotal role in chemical synthesis, 
especially for interchanging functional groups and for carbon-carbon bond formation
1
. 
Consequently, it is one of the most widely studied reactions in physical organic chemistry
2–16
. 
Usually, solvent effects are superimposed onto the intrinsic reaction dynamics, which strongly 
affects the reactivity. However, it is now becoming increasingly clear that on short time scales 
direct atomistic dynamics of chemical reactions can prevail - at least partially - in a solution 
phase environment
17–19
. By studying SN2 reactions in the gas phase these intrinsic dynamics, 
mechanisms and structure-energy relations become accessible. 
 Gas phase SN2 reactions are characterized by a double well potential energy surface
2
, 
which stems from the intermediate ion-dipole complexes in the entrance and exit channels on 
either side of the central barrier. For many exothermic reactions the central barrier lies below 
the energy of reactants, nevertheless, it has a substantial influence on the reaction kinetics by 
introducing dynamical constraints with respect to angular momentum, intramodal energy 
transfer, or steric bottlenecks
20
. Conventionally, these reactions have been treated statistically 
assuming energy redistribution in the intermediate complexes. While this is usually valid for 
large molecules, it is known that SN2 reactions of smaller systems, e.g. halide or hydroxyl 
anions with halomethanes, show non-statistical behaviour and the full dynamics need to be 
considered for their appropriate description
4,5,21
. 
 The SN2 reactivity is controlled both by the attacking nucleophile and the atom or 
molecule that is being substituted, i.e. the leaving group. Generally, a good leaving group is 
defined by the extent to which it lowers the transition state barrier of the reaction. The ability 
of a substituent Y to act as a good leaving group is often associated with its basicity or 
electronegativity, i.e. its ability to accept an additional negative charge
22,23
, and the strength of 
the C-Y bond
10,15
. A direct relation of these parameters to the overall reactivity of an SN2 
reaction usually only holds when the leaving groups are structurally similar. If the leaving 
group abilities of methyl halides are compared, iodine acts as the best and fluorine as the 
worst leaving group. This order follows the bond strengths of the C-halide bond and the 
basicity of the leaving halide. The role of the leaving group is often discussed in terms of the 
overall reactivity of the SN2 reaction, but little is known about how it affects the underlying 
dynamics. 
 The combination of crossed-beam scattering and velocity map imaging
24
 has provided 
new insights into SN2 reaction dynamics
9,13
. Combined with direct dynamics simulations this 
has been successful in explaining gas phase SN2 reaction mechanisms, scattering angle 
distributions, and energy partitioning among the reaction products
14
. The role of the 
3 
nucleophile has been the topic of several recent studies. It was found in reactions of Cl
-
, F
-
 
and OH
-
 with CH3I, that the nucleophile strongly influences the shape of the entrance channel 
complex and thus the reaction pathways
9,13,25,26
. In these studies distinct atomic-level 
mechanisms were found to be important: The direct rebound mechanism represents the 
classical co-linear approach with the product ion leaving in the direction of the incoming 
reactant ion. The direct stripping mechanism attacks the CH3 group from aside and leads to 
product ions leaving in direction of the incoming neutral reactant. In addition, several indirect 
mechanisms, including the roundabout mechanism
9
 were identified, which lead to highly 
excited products with slow and isotropic ion product distributions.  
 In the present study we explore the role of the leaving group in bimolecular 
nucleophilic substitution dynamics by investigating the reaction 
  F
-
 + CH3Cl → FCH3 + Cl
-
 (ΔH = -1.35 eV or -130 kJ/mol)27  (1) 
in a combination of experiment and simulation. The stationary atomic configurations of this 
reaction were adapted from ref. 16 and are displayed in the upper panel of Fig. 1. Reaction (1) 
is highly exothermic with only a small transition state barrier. A hydrogen-bonded complex of 
Cs symmetry (F
-
---HCH2Cl) is found as minimum energy structure in the entrance channel 
together with a second close lying complex of co-linear C3v symmetry (F
-
---CH3Cl). The 
hydrogen-bonded complex had not been included in earlier simulations of the F
-
 + CH3Cl 
reaction
28
. For the reaction  
  F
-
 + CH3I → FCH3 + I
-
 (ΔH = -1.8 eV or -174 kJ/mol)29  (2) 
very similar entrance channel structures were found
25,26
.The potential energy curve for this 
reaction was adapted from ref. 26 and is displayed in the lower part of Fig. 1. These structures 
are in line with a theoretical study on the trends in SN2 reactivity for different halide 
halomethane combinations that also predicted the hydrogen-bonded complex
10
. 
 Since the branching into direct or indirect reaction dynamics is expected to be 
influenced mainly by the entrance channel, similar dynamics may be expected for reactions 
(1) and (2). However, by comparing the results for these reactions - reaction (2) has 
previously been studied by us in collaboration with Hase and co-workers
25,26
 – we find 
substantial differences that signify the influence of the leaving group on the reaction 
dynamics, also in the entrance channel. 
Results 
Differential Scattering Cross-Sections 
 In the experimental part of the present study the dynamics of reaction (1) have been 
examined by measuring differential scattering cross sections with crossed-beam imaging. The 
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experimental setup and procedures are described in the methods section. Three-dimensional 
probability distributions are obtained for the product velocity vector from between 10
4
 and 
10
5
 scattering events. In Fig. 2 (upper left panels) we show the longitudinal and transverse 
velocity distribution of Cl
-
 product ions, mapped onto a 2D image for collision energies from 
0.6 eV to 2 eV in the centre-of-mass frame for the collision. In this frame the F
-
 and CH3Cl 
reactant velocity vectors align horizontally as shown by the black arrows. For reactive 
scattering, a kinematical cutoff in velocity can be defined, which defines the highest possible 
product velocity and is given by the energy available for the reaction. The outermost rings in 
the images indicate this kinematical cutoff for each collision energy. To guide the eye, also 
concentric rings are drawn, representing isospheres in translational energy (spaced at 0.5 eV 
intervals) corresponding to different degrees of internal excitation of the products. 
 The images for Cl
-
 in Fig. 2 are dominated by two distinct features, an isotropic 
feature at nearly zero velocity and one at higher velocities in the backward direction. At the 
highest collision energy the image shows the Cl
-
 preferentially scattered into the backward 
direction. This feature resembles the previously established direct rebound mechanism
9,13
, 
where the nucleophile X attacks the molecule from the CH3 umbrella backside to form a 
collinear [X-CH3-Y]
-
 transient ion. This transient ion dissociates into products with the 
outgoing Cl
-
 ion leaving in the same direction as the incoming nucleophile. At the lower 
collision energies isotropic scattering with slow product velocities is also observed which 
resembles the indirect complex-mediated mechanism where the available energy is partitioned 
into various internal degrees of freedom
9
. Similar dynamics are observed for intermediate 
collision energies for which the relative contributions of both mechanisms shift from indirect 
to direct dynamics with increasing energy. 
 The velocity-integrated angular distributions in the centre row of Fig. 2 (black lines) 
show this change in mechanism in a more quantitative way. The angular distributions evolve 
from a more forward-backward balanced distribution at low collision energies towards an 
anisotropic distribution with more events in the backward direction at higher collision 
energies. These backward scattered Cl
-
 ions are produced by the direct rebound mechanism. 
In contrast, direct stripping would lead to mainly forward scattered Cl
-
 ions
26,30
. 
 From the 2D images we see that the velocity distributions vanish within the 
kinematical cutoff even at the highest collision energy. Thus, some of the available energy is 
deposited into rovibrational excitation of the CH3F product. This is more quantitatively shown 
in the internal energy distributions in the bottom row of Fig. 2 (black lines), which are 
extracted from the images. The distributions show a decreasing amount of internal excitation 
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with increasing collision energy, which is another manifestation of the increasing probability 
for the direct rebound mechanism. 
 In the right part of Fig. 2 the same type of data are displayed for reaction (2) at 
1.53 eV relative collision energy (adapted from ref. 25). A qualitative direct comparison of 
the scattering image for reaction (2) to those of reaction (1) shows scattering in backward 
direction and a much larger contribution of slow products. This is quantified both by the 
angular distribution, which contains a larger isotropic distribution, and by the internal energy 
distribution, which shows more highly excited product molecules (lower, right panels). 
Furthermore, in this reaction the overall shape of the scattering images changed only 
gradually with collision energy
25
. 
 Chemical dynamics simulations have been performed for reaction (1) using the quasi-
classical trajectory method on an accurate ab initio analytical potential energy surface
16
. 
Roughly half a million trajectories were run for collision energies in the range of 0.5 to 
2.0 eV. Details are provided in the methods section. The computed product internal energy 
and scattering angle distributions are shown in Fig. 2 (red lines). Essentially all features of the 
internal energy and angular scattering distributions that are found in the experiment are 
reproduced in the simulations. This comparison represents an excellent agreement between 
measurement and simulation for ion-molecule reactions at an unprecedented level of statistics. 
Reaction Mechanisms 
 From the experimental and simulated data we have extracted the contribution of the 
main reaction mechanism, the direct rebound mechanism, to the total scattering signal. This 
direct rebound fraction is plotted in Fig. 3 (upper panel) as a function of the collision energy. 
The experimental values are obtained by integrating over the areas marked by the white 
dashed lines in the images of Fig. 2, normalized to the total counts in each image. The 
simulation values were derived from the fraction of fast rebound trajectories, defined as 
reactive trajectories for which the product velocity amounts to more than 1500 m/s and which 
lead to back-scattered product ions. An analysis of the correlation between the velocity of Cl
-
 
product ion and the integration time revealed that trajectories with final velocities exceeding 
1500 m/s also correspond to trajectories with less than 0.58 ps integration time (see inset Fig. 
3 lower panel), i.e. which form products in a rapid direct reaction. Slow Cl
-
ions are produced 
by an indirect mechanism, for which the reaction time can be a few or few tens of 
picoseconds. For the simulated direct rebound fraction very similar results are obtained using 
either the integration time or the product velocity as selection criterion (see Fig. 3, lower 
Panel). Given the agreement in the differential scattering distributions, the good agreement for 
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the direct rebound fraction is well expected. The discrepancy at lower relative energies could 
be explained by an overestimation of the indirect mechanisms in the simulations due to 
unphysical energy flow during the longer interaction times. 
 In Fig. 3 the direct rebound mechanism dominates at all but the lowest collision 
energies for reaction (1) in both experiment (black markers) and simulation (red markers). 
This observation of a large fraction of direct product ions is in agreement with earlier 
experimental
31
 and theoretical work
28
. Our data also support the interpretation of a guided ion 
beam study, which showed a large scattering cross section at very low collision energy and 
identified the hydrogen-bonded complex as explanation for this
27
. At energies above about 
0.5 eV a sharp decrease of the cross section was found and assigned to the onset of direct 
reaction dynamics. 
 For reaction (2) the observed dynamics are qualitatively different. In this reaction less 
direct rebound dynamics is found, accompanied up to high collision energies by a lot of 
internal excitation (see Fig. 3, cyan and blue markers). Experimentally, the direct rebound 
fraction (cyan markers) is estimated from the data of ref. 25 as marked by the white dashed 
line in Fig. 2 (right column). The accuracy is determined by varying the lower velocity limit 
by ±100 m/s. Simulation results using two different levels of theory agree with this smaller 
direct rebound fraction for F
-
 + CH3I (blue full and open markers
20,21
). The role of the direct 
rebound mechanism is also strongly reduced
 
for the isoelectronic system OH
-
 + CH3I (see 
Fig. 3, green markers
13,30
) which is characterised by an hydrogen-bonded complex as well. 
Interestingly, the reaction Cl
-
 + CH3I features dynamics that bear many similarities with the 
present reaction
9
. In this reaction (exothermicity 0.55 eV) the minimum energy path is known 
to follow a collinear geometry with C3v symmetry
9,10
. This suggests that also in the present 
system the collinear entrance channel is more important for the dynamics than the hydrogen-
bonded complex. 
 To shed light on the origin of the differences for the Cl
-
 and I
-
 leaving groups, we have 
tested the influence of the vibrational coupling between the entrance and the exit channel by 
simulating the dynamics for a chlorine atom of mass 127 (corresponding to iodine) on the 
potential obtained for CH3Cl (Fig. 3 lower panel, blue markers). No significant differences in 
the rebound fraction are found at high collision energies. At lower collision energies the direct 
rebound fraction reduces to about half of its value for true Cl, because the cross-section is 
reduced for the direct channels and enhanced for the indirect channel. Thus, mass-scaling 
does not account for the observed differences and one has to conclude that the leaving group 
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directly modifies the interaction potential in the entrance channel - enough to strongly change 
the dynamics, but not enough to change the overall structure and energetics notably. 
 More insight is gained by inspecting the reaction probability as a function of impact 
parameter, the opacity function, for each mechanism. Fig. 4 shows this function for the 
different reaction channels for the two collision energies of 0.55 eV and 1.5 eV for CH3Cl 
(upper panel) and 0.3 eV and 1.5 eV for CH3I (lower panel, from ref. 26). The central panel 
shows the result for CH3Cl' (mCl'=127 a.m.u.) at 0.55 eV and 1.5 eV. The total reaction 
probability (black markers) as well as the individual contributions of indirect (green markers), 
direct rebound (red markers) and direct stripping mechanism (blue markers) are shown. 
Comparison of these contributions for the different systems shows that the indirect 
mechanism extends to similar maximum impact parameters for both reactions (1) and (2). In 
contrast, the direct rebound mechanism (red markers) is found to extend to larger impact 
parameters for reaction (1) than for reaction (2) at both energies. The stripping mechanism 
appears at higher impact parameters and becomes the dominant reaction mechanism at large 
impact parameters for reaction (2), while it plays only a minor role in reaction (1). The 
different opacity functions cannot be explained solely by the different mass of the leaving 
group as an analysis of the impact parameters for CH3Cl' shows the same range of impact 
parameters as for reaction (1). Interestingly, both direct reaction mechanisms occur at similar 
impact parameters at lower and higher collision energy for the reaction with CH3Cl, while 
with CH3I the range of impact parameters for which direct rebound or stripping happen 
strongly depend on the collision energy. 
Discussion 
 The occurrence of the direct rebound mechanism at larger impact parameters in the 
reaction with CH3Cl suggests the orientation of CH3Cl by F
-
 to be more efficient than that of 
CH3I. A reason might be the larger dipole moment of CH3Cl (µ = 1.90 D)
32
 compared to CH3I 
(µ = 1.64 D)
32
. The long range interaction of the larger dipole moment with the charge of the 
F
-
 anion might allow for a more efficient orientation of the molecule prior to the reaction. This 
more efficient orientation thus leads to dynamics which follow a direct rebound mechanism 
even at initially larger impact parameters. Furthermore, a difference in the interaction 
potential has been found by computing the stability of the frontside attachment of F
-
 to the 
halogen atom. The F
-
---ICH3 complex is bound by 94 kJ/mol while F
-
---ClCH3 is bound by 
only 13 kJ/mol. This may enhance the stripping mechanism for F
-
 + CH3I and also suppress 
backside attack for large impact parameters. A correlation of reactant orientation with 
reactivity in the reaction of F
-
 with methyl halides was also found by Su et al.
28,33
. This 
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correlation was strongest for the reaction of methyl chloride. In their analysis Su et al. focused 
on the overall reactivity of the reaction and energy partitioning. The differential scattering 
cross-sections obtained in our work allow us to deduce the underlying reaction dynamics. 
Conclusion 
 Our results provide insight into the unexpected dynamics and the relative importance 
of the different reaction mechanisms for SN2 reactions with different leaving groups. The 
measured energy and angular distributions for the reaction of F
-
 and CH3Cl are in excellent 
agreement with high-level chemical dynamics simulations. From the differential scattering 
information it has become clear that the direct rebound mechanism dominates at most relative 
collision energies despite the presence of a hydrogen-bonded entrance channel complex. 
Different reaction dynamics were found in both experiment and theory for F
-
 reacting with 
CH3I that can not be explained by just changing the mass of the leaving group. Instead we 
rationalize this with subtle changes in the interaction potential and as a consequence of an 
increasing range of impact parameters that lead to direct rebound dynamics - likely due to a 
better orientation of the pre-reaction complex. These results highlight the important role of 
both nucleophile and leaving group not only for SN2 reactivity but also the underlying 
reaction dynamics. It will have to be clarified how important this effect is in larger organic 
reaction systems with even larger dipole moments. 
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Methods 
Experiment  
The experimental setup and data analysis procedure have been published earlier
25,34⁠and are 
only summarized here. A pulsed beam of F
-
 ions is produced in a pulsed plasma discharge of 
10% NF3 in Ar. The ions are mass-separated by time-of-flight and trapped in an rf octupole 
ion trap from where they are extracted and crossed with the neutral target molecular beam. 
The full width at half maximum of the ion energy distributions is below typically 
150 meV except for the lowest energy, where it is below 250 meV. The pulsed supersonic 
target beam of CH3Cl, seeded at ~ 5 % in He, is produced in a differentially pumped neutral 
beam chamber. The translational temperature of the beam in the co-moving frame is ~ 180 K. 
This moderate cooling was chosen to avoid CH3Cl clusters. The two beams are made to 
collide at 60° relative angle in the center of a velocity map imaging spectrometer. Cl
-
 ions are 
extracted normal to the scattering plane and imaged on a position and time-sensitive detector, 
which records the 3D velocity vector for each product ion. The relative collision energy is set 
by tuning the ion energy with an electrostatic decelerator and measuring it with the same 
spectrometer. From the 3D velocity distributions 2D slice images, energy and angular 
distributions are obtained by numerical integration. For visualization the 2D images are gently 
smoothed. 
Simulation 
 Quasi-classical trajectory (QCT) computations are performed for the ground-state F
-
 + CH3Cl(v = 0) reaction using a global ab initio full-dimensional potential energy surface 
(PES)
16
. The analytical PES was obtained by fitting all-electron (AE) CCSD(T)/aug-cc- 
pCVQZ-quality composite ab initio energy points. The stationary points of the PES were 
characterized by the focal point analysis (FPA) method considering: (a) extrapolation to the 
complete basis set limit using the AE-CCSD(T)/aug-cc-pCVnZ [n = Q(4) and 5] energies, (b) 
post-CCSD(T) correlation effects up to CCSDT(Q) using DZ-quality bases, and (c) scalar 
relativistic effects at the Douglas–Kroll AE-CCSD(T)/aug-cc-pCVQZ level of theory16,35. The 
interaction potential for frontside attachment was computed at the CCSD(T)-F12b/aug-cc-
pVDZ(-PP) level of theory. 
 Standard normal mode sampling is used to prepare the vibrational ground state (v = 0) 
of CH3Cl and the rotational angular momentum is set to zero. The initial orientation of C H3Cl 
is randomly sampled and the distance between F
-
 and C H3Cl is (x
2
 + b
2
)
1/2
, where b is the 
impact parameter, scanned from 0 to bmax with a step size of 0.5 bohr and x is set to 20 bohr. 
We have run trajectories at collision energies of 0.55, 0.9, 1.2, 1.5, and 2.0 eV with bmax 
10 
values 9.0, 8.0, 7.0, 7.0, and 7.0 bohr and with 95000, 85000, 75000, 75000, and 75000 
trajectories, respectively. The integration time step is 0.0726 fs and each trajectory is 
propagated until the maximum of the actual inter-atomic distances is 1 bohr larger than the 
initial one. We have found that basically no trajectory violates the product zero-point energy; 
thus, the QCT analysis considers all the trajectories. We have also performed QCT 
computations for the mass-scaled reaction F
− 
+ CH3Cl’ (v = 0) by setting the mass of Cl’ to 
127 a.m.u. and using the PES of F
− 
+ CH3Cl. Here slightly larger bmax values of 12.0, 9.5, 8.0, 
8.0, and 8.0 bohr are used resulting in 125000, 100000, 85000, 85000, and 85000 trajectories 
at collision energies of 0.55, 0.9, 1.2, 1.5, and 2.0 eV, respectively. All the other 
computational details are the same as described above. 
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Figure 1: Calculated minimum energy path of reactions (1) and (2) along the reaction 
pathway. Stationary points along the reaction pathway are shown for the reaction of (a) F
-
 + CH3Cl obtained by a relativistic all-electron CCSDT(Q)/complete-basis-set-quality 
composite method (FPA Method, see methods section, adapted from ref. 16) and (b) F
-
 + CH3I (adapted from ref. 26). Both systems show the same qualitative behavior. The 
structures of the stationary points are illustrated in the centre. Two pre-reaction complexes 
exist: the energetically lower H-bonded complex F
-
---HCH2X and a second one of C3v 
symmetry F
-
---CH3X.  
 
 
Figure 2: Differential scattering cross sections and extracted angular and energy 
distributions of the SN2 reactions F
-
 + CH3Cl and F
-
 + CH3I 
The upper left panels show the velocity distribution of Cl
-
 product ions in the center-of-mass 
frame at five different relative collision energies (0.6 - 2 eV). The concentric rings mark 
spheres of equal product internal energies spaced at 0.5 eV with the outermost solid ring 
indicating the kinematical cut-off. The Newton diagram at the top illustrates the relative 
orientation of the velocity vectors of the reactants and the Cl
-
 product ions. Several dynamical 
features can be clearly distinguished in the images: an isotropic feature at nearly zero velocity, 
one backscattered distribution at velocity and a small forward scattered contribution for high 
collision energies. The white dashed lines indicate the area used to determine the direct 
rebound fraction. The central panel displays the velocity integrated angular distributions for 
Cl
-
 ions (exp.: black, sim.: red). The chemical dynamics simulations compare well with the 
experiment. The lowest panel shows the internal energy distribution of the CH3F product 
molecules (exp.: black, sim.: red). The outermost right column shows previous results for the 
reaction of F
- 
+ CH3I at 1.5 eV relative collision energy (adapted from ref. 25). Here dynamics 
are visible: a larger fraction of slow product ions, and therefore a higher degree of internal 
excitation of CH3F products, is found together with a larger the degree of isotropic scattering. 
 
 
Figure 3: Direct rebound fraction for F
- 
+
 
CH3Cl in comparison to previously studied 
systems 
Both panels: The experimental normalized yield of the direct rebound fraction obtained from 
the white dashed area in the images in Figure 1 is displayed as a function of relative energy 
(black circles). The given errorbars reflect the counting statistics. The experimental values 
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compare well with the simulation results (red squares) obtained with the same angular and 
velocity cuts. Upper panel: Additionally, values for the reaction of F
-
 with CH3I are included 
in blue. Cyan circles indicate exp. data obtained by integration from ref. 25. The solid line 
connects the upper and lower limits. Simulation results from ref. 25 and 26 are shown as 
closed and open blue squares. Reaction (1) shows a much higher direct rebound fraction than 
Reaction (2). This deviation of rebound fraction increases with increasing collision energy. 
For comparison, data for the reaction OH
-
 + CH3I is included in green color (circles: exp., 
squares: sim.)
13,30
. OH
-
 is isoelectronic to F
-
 and the behavior of the system resembles that of 
reaction (2). Lower panel: Direct rebound fraction from experiment and simulation. A 
fraction obtained from fast trajectories with t < 0.58 ps (green squares) matches the direct 
rebound fraction obtained from the velocity cut v > 1500 m/s. This can be also inferred from 
the inset which shows the correlation of ion product speed and collision time on a logarithmic 
scale: the fastest Cl
-
 ions are produced in the shortest time, via the direct rebound mechanism. 
The direct rebound fraction for the reactant CH3Cl' (mCl' = 127 a.m.u.; blue squares) is slightly 
lower than for CH3Cl but this change of mass does not explain the enhanced direct rebound 
fraction of reaction (1) compared to reaction (2). 
 
 
Figure 4: Opacity functions for different reaction mechanisms 
The reaction probability is shown as a function of the impact parameter. The total probability 
(black circles) is split into the individual contributions of indirect (green circles), direct 
rebound (red circles) and stripping (blue circles) mechanism. In the two upper rows the left 
column shows the results for 0.55 eV relative collision energy and the right one for 1.5 eV. F
-
 
+ CH3Cl is displayed in the top panel, F
- 
+ CH3Cl' (mCl' = 127 a.m.u.) in the middle panel. In 
bottom panel for the reaction F
- 
+ CH3I data from ref. 26 at a relative energy of 0.3 eV (left) 
and 1.5 eV (right) is shown. The results for CH3Cl and CH3Cl' are qualitatively the same but 
both deviate from those of CH3I. The direct rebound mechanism occurs at a larger range of 
impact parameters for reaction (1) and shows less energy dependence. Also stripping plays a 
much larger role for reaction (2). 
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